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ABSTRACT: The sequence requirements for HIV- 1 proteinase catalyzed cleavage of oligopeptides containing 
two distinct types of junctions (-hydrophobic*hydrophobic- or -aromatic*Pro-) has been investigated. For 
the first type of junction (-hydrophobic*hydrophobic-) the optimal residues in the P2 and P i  positions were 
found to be Val and Glu, respectively, in accord with recent statistical analysis of natural cleavage sites 
[Poorman, R. A., Tomasselli, A. G., Heinrikson, R. L., & KEzdy, F. J. (1991) J .  Biol. Chem. 266, 
14554-145611. For the -aromatic*Pro- type of junction, in the specific sequence context studied here, the 
value of Glu in the P2' position was again observed. An explanation for the inefficient cleavage observed 
for peptides with the sequence -Val-Tyr*Pro- has been provided from molecular modeling of the putative 
enzymesubstrate complex. A significant effect upon cleavage rates due to the amino acid in the P5 position 
has also been documented. While lysine in the Ps position in one sequence of the -hydrophobic*hydrophobic- 
type produces a peptide cleaved very efficiently (k,,, > 15 s-l for Lys-Ala-Arg-Val-Nle*p-nitrophenyl- 
alanine-Pi-Ala-Nle-NH2, for P i  = Glu, Gln, Ile, Val, or Ala), for substrates of the -aromatic*Pro- type, 
the Ps residue can exert either a positive or negative effect on cleavage rates. These results have again been 
interpreted in light of molecular modeling. We suggest that interaction of the substrate sequence on the 
periphery of the active site cleft may influence the match of the enzymesubstrate pair and, hence, control 
the efficiency of catalysis. Thus, ability of HIV-1 PR to selectively and efficiently cleave a variety of totally 
different sequences may be derived, in part, from extensive interactions at  long distances from the actual 
scissile peptide bond and the inherent flexibility of several key loops of polypeptide structure of the enzyme. 

Biochemical characterization of the aspartic proteinase 
encoded within the genome of the human immunodeficiency 
virus (HIV)' as a dimer of identical subunits (Meek et al., 
1989) was rapidly substantiated by crystallographic analysis 

of native (Navia et al., 1989; Wlodawer et al., 1989) and 
inhibitor-complexed enzyme (Miller et al., 1989; Swain et al., 
1990; Fitzgerald et al., 1990; Erickson et al., 1990; Jaskclski 
et al., 1991). The proteinase is considered to be responsible 
for cleavage of (at least) eight sites in the gag and gag-pol 
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in each sequence by an asterisk (*). 
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TYPE SEQUENCE LOCATION 

PS P4 P3 P2 P1 PI' PI' P3' P4' 

-Val Ser Gln Asn Tyr * Pro ne Val Gh- A 
Aromatic*Pro -Val Ser Phe Asn Phe Pro Gln Ue Thr- E 

-Cys Thr Leu Asn Phe * Pro ne Ser Pro- F 

-Lys Ala Arg Val Leu * Ala Glu Ala Met- B 

Hydrophobic -Arg Pro Gly Asn Phe * Leu Gln Ser Arg- D 
-Gly Ala Glu Thr Phe * Tyr Val Asp Gly- G 
-ne Arg  Lys Val Leu * Phe Leu Asp Gly- H 

Hydrophobic* -Ser Ala Thr De Md * Met Gln Arg Gly- C 

FIGURE I: (a) Schematic diagram to illustrate the relationship between 
the eight documented cleavage sites in the gag and gag-pol polyproteins 
from the human immunodeficiency virus. The capital letters (A, B, 
etc.) indicate the position of a cleavage site, while the labeled bars 
at top and bottom indicate the size and identity (Leis et al., 1988) 
of the resulting protein fragment. (b) The amino acid sequences from 
Ps to P( flanking the eight cleavage sites. 

polyproteins produced upon translation of the retroviral ge- 
nome. Two distinct types (-aromatic*Pro- and 
-hydrophobic*hydrophobic-) of cleavage site have been iden- 
tified, and the sequences enclosing these vary considerably 
(Figure 1). Thus, in contrast to the defined primary structural 
specificity displayed by most proteinases, the retroviral enzyme 
has to be adaptable enough to tolerate such variety and yet 
still be able to accomplish selective cleavage. This has been 
considered in a number of previous investigations [for example, 
see Pettit et al. (1991), Poorman et al. (1991), Tomasselli et 
al. (1991a), TBzstr et al. (1991a,b), and Fitzgerald and 
Springer (1991)l. In the contributions made to such analyses 
by our laboratories, the preferences for the PI, P2, and P3 
residues has been documented using synthetic peptide sub- 
strates (Konvalinka et al., 1990; Richards et al., 1990; Phylip 
et al., 1990). For example, a @-branched residue (Val/Ile) 
is preferred in P2 in the -hydrophobic*hydrophobic- type 
cleavage junctions (B, C, D, G, and H in Figure 1) whereas 
Asn is invariably found in this position in junctions of the 
-aromatic*Pro- type (junctions A, E, and F, Figure 1). In 
addition, when mutations were introduced into the P2 and P1 
positions flanking/contributing to cleavage sites in polyprotein 
substrates (Jupp et al., 1991), comparable effects were ob- 
served with these protein substrates to those alluded to above 
with the synthetic peptides. Thus, the use of peptides as 
substrates appears to provide an adequate reflection of the 
processing of protein substrates by this enzyme with respect 
to amino acid preferences near the cleavage point. Since assays 
employing peptides are considerably more convenient to 
perform and permit quantitative data to be derived, we have 
focused our attention on synthetic peptides mimicking the 
-Leu*Ala- junction (B in Figure 1) but with replacement of 
the Ala residue in P1' with the chromophoric reporter group, 
p-nitrophenylalanine (Nph). 

TableI: Kinetic Parameters for the Hydrolysis by HIV-1 
Proteinase of a Series of Chromogenic Substrates, 
Lys-Ala-Arg-Val-Nle*Nph-X-Ala-Nle-NH2, with Val in 
P2 and Systematic Variation of the P i  Residue" 

K, (pM) kcat (s-') 

Lys Ala Arg Val Nle * Nph Glu Ala Nle NH2 35 32 
Lys Ala Arg Val Nle Nph Gln Ala Nle NH2 160 16 
Lys Ala Arg Val Nle * Nph Ue Ala Nle NH2 60 17 

Lys Ala Arg Val Nle * Nph Ala Ala Nle NH2 100 17 
Lys Ala Arg Val Nle * Nph Asp Ala Nle NH2 nd 0.5 
Lys Ala Arg Val Nle * Nph Asn Ala Nle NH2 nd 0.4 
Lys Ala Arg Val Nle * Nph Thr Ala Nle N H 2  0.4 

'Determinations were made at pH 4.7 and p = 0.3 M. nd = not 

Lys Ala Arg Val Nle * Nph Val Ala Nle NH2 100 1s 

210 

determined. 

Table 11: Kinetic Parameters for the Hydrolysis by HIV-1 
Proteinase of a Series of Chromogenic Substrates, 
Lys-Ala-Arg-Asn-Nle*Nph-X-Ala-Nle-NH2, with Asn in 
P, and Systematic Variation of the P,' Residue'' 

kcat (s-') 

Lys Ala Arg Asn Nle * Nph Glu Ala Nle NH2 0.7 
LysAlaArgAsnNle*NphGln AlaNleNHz 0.1 
Lys Ala Arg Asn Nle * Nph Ue Ala Nle NH2 0.01 
Lys Ah Arg Asn Nle * Nph Val Ala Me NH2 0.02 
Lys Ala A r g  Am Nle Nph Ala Ala Nle NH2 <O.oOol 
Lys Ala Arg Asn Nle Nph Am Ala Nle NHz <O.OOol 
Lys Ala Am Asn Me * NDh Thr AlaNleNH7 <O.oOol 

- 

" K, parameters were estimated by the competitive substrate assay 
and/or FPLC analysis to lie in the range of 40-130 p M  for these pep- 
tides. 

In the present study, differences in preferences for individual 
subsites as well as correlations between a given amino acid 
appearing in one site with the presence/absence of a specific 
amino acid in other sites in the substrate are examined in 
detail. This was accomplished by introduction of an 
-aromatic*Rc+ junction dipeptide into the sequence of residues 
that normally flanks the -Leu*Ala- cleavage site (Junction B 
in Figure 1). Systematic replacement of residues in the other 
flanking positions was then carried out. The data obtained 
have been interpreted on the basis of the known structures of 
several inhibitor-HIV proteinase complexes [for reviews, see 
Fitzgerald and Springer (1991), Wlodawer et al. (1992) and 
Swain et al. (1991)] and a proposed structure of an active site 
bound substrate developed from molecular modeling (TBzstr 
et al., 1991a). 

MATERIALS AND METHODS 
Enzyme and Substrate Peptides. Homogeneous prepara- 

tions of HIV- 1 proteinase were obtained, and all peptides were 
prepared by solid-phase peptide synthesis, as previously de- 
scribed (Richards et al., 1990). All substrates were charac- 
terized by amino acid composition and reversed-phase HPLC 
analysis and were pure by these criteria. 

Kinetic Analyses. Kinetic analyses were performed in 0.1 
M sodium acetate buffer, pH 4.7, containing 4 mM EDTA 
and sufficient NaCl to give a final ionic strength of 0.3 M, 
as described previously (Richards et al., 1990; Konvalinka et 
al., 1990; Phylip et al., 1990). This involved monitoring of 
peptide cleavage either by spectroscopic methods by following 
the decrease in absorbance at 300 nm for substrates containing 
the -Nle*Nph- cleavage site (Figure 1; Tables I and 11) or by 
reversed-phase FPLC analysis using a pepRPC column 
(Pharmacia, Milton Keynes, U.K.) for peptides containing the 
-Tyr*Pro- junction. Initial velocities were measured with at 
least six different concentrations of each peptide substrate 
within an appropriate range, and kinetic constants ( K ,  and 
v,,,) were determined therefrom Using the ENZFITTER pro- 
gram (Elsevier-BIOSOFT, Cambridge, U.K., by R. J. 
Leatherbarrow). The estimated error for all determinations 
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t 
FIGURE 2: Stereo plot illustrating the fit of the Pi residue in the S2 region of the active site of HIV proteinase. The side chain of glutamic 
acid in this structure, modeled on the structure of an inhibitor with Gln in Pi (Miller et al., 1989), makes acceptable hydrogen bonds to the 
backbone NH groups of residues 29' and 30'. 

was <20%. Values for kat were derived from V,, = kat[Enz], 
where the active concentration of the enzyme was determined 
by active site titration of HIV-1 proteinase preparations with 
the tight binding (-0.3 nM) inhibitor, Ro 8959 (Roberts et 
al., 1990). In the case of some peptides where little or no 
hydrolysis was detected, an estimate of the affinity of peptide 
binding to HIV proteinase was derived by analysis of the effect 
of the peptide acting as a competitive inhibitor (Blake et al., 
1989) on the cleavage of a chromogenic substrate. 

Proton NMR Spectra. 'H NMR spectra were obtained at 
23 OC on a 7.05-T (300 MHz) Nicolet/Nalorac spectrometer. 
Approximately 10 mg of each peptide was dissolved in 0.6 mL 
of 99.9% DzO, filtered by centrifugation through a 0.2-pm 
Nylon-66 membrane filter (Rainin Instruments, Woburn, 
MA), and placed in a 5-mm NMR tube. Spectral acquisition 
parameters were as follows: 3508 Hz spectral width, 8192 data 
points (real plus imaginary), 6.17-s relaxation delay, 15-ps rf 
pulse duration (68 degree flip angle), and 256 acquisitions for 
Ala-Ser-Gln-Asn-Tyr*Pro-Ile-Val-Nle-NH, and 5 12 acqui- 
sitions for Lys-Arg-Gln-Asn-Tyr*Pro-Ile-Ala-Nle-NH,. The 
time domain data were multiplied by an exponential function 
resulting in 0.5-Hz Lorentzian line broadening, zero-filled to 
16K data points, and converted to frequency domain spectra 
by Fourier transformation. Peak assignments were made 
according to Toma et al. (1978). Peak areas were measured 
twice for each peptide using the aromatic proton resonances 
of Tyr both ortho and meta to the hydroxyl group. Since in 
each case one line of the cis doublet overlapped one line of the 
trans doublet, yielding three resolvable lines (t; c,t; c), isomer 
distributions were calculated as both (c/c,t) and (c/(c + t)) 
or (t/c,t) and (t/(c + t)) ratios. 

Molecular Modeling. The crystal structures of complexes 
of HIV-1 PR with nine different inhibitors (Wlodawer et al., 
1992, and references therein) were analyzed on an Evans and 
Sutherland PS390 molecular graphics system using the pro- 
gram FRODO (Jones, 1985). The atomic coordinates of all 
inhibitors were taken into account and used as a base for the 
modeling of the substrate with the sequence, Val-Ser-Gln- 
Asn-Tyr*Pro-Ile-Val-Gln-NH, (TozsEr et al., 199 1 b). The 
residues Lys at P5, Val/Ile at P,, and Glu at P i  were also 
modeled at the respective positions, in order to facilitate in- 
terpretation of the kinetic data. 

RESULTS AND DISCUSSION 
Since we have previously shown that the sequence Lys- 

Ala-Arg-Val-Nle*Nph-Glu-Ala-Nle-NH, is an excellent 

substrate (K,,/K, = lo6 s-l M-') for HIV PR (Richards et 
al., 1990), this template was utilized as the basis for a new 
series of peptides in which the P i  residue was replaced sys- 
tematically (Table I). While the native Glu residue yields the 
most efficient cleavage (kat = 32 s-l, Table I), Gln, Ile, Val, 
and Ala are all acceptable substituents, with k,, values about 
half of that for the parent sequence. In contrast, introduction 
of Asp, Asn, or Thr in the P i  position diminished k,, to values 
that were very low. In comparison to these major changes 
observed in k,, (Table I and see below), only small variations 
were determined in the K ,  parameter. Thus, for the sake of 
brevity, subsequent discussion will be focused largely on those 
aspects that might significantly affect the turnover number. 

The preference for Glu (or, to a lesser extent, Gln) in P i  
may be derived from hydrogen bonding of the side chain 
carboxyl/carboxamide group(s) to the backbone N H  of res- 
idues 29' and 30' in the enzyme (Figure 2). Conversely, the 
counterpart Asp or Asn residues that are shorter by a single 
methylene group would not appear to be long enough to make 
such favorable hydrogen bonding contacts. These observations 
are in keeping with recent reports that Glu is the preferred 
residue in the P i  position for efficient hydrolysis a t  
-hydrophobic*hydrophobic- cleavage sites in a variety of viral 
and nonviral proteins (Hui et al., 1990; Tomasselli et al., 
1991a,b). Furthermore, a statistical analysis of a collection 
of viral polyproteins and nonviral proteins that were hydrolyzed 
by HIV PR indicated the high frequency with which Glu (and, 
to a lesser extent, Gln) was found in the P i  position adjacent 
to the bond being cleaved (Poorman et al., 1991). By contrast, 
a separate statistical analysis of proteinases from 10 distinct 
retroviruses and 46 known sites processed by them revealed 
no such preference for the P i  subsite (Pettit et al., 1991). This 
predilection would thus appear to be a feature of the HIV-1 
and -2 proteinases (Poorman et al., 1991). 

The theoretical analysis of Poorman et al. (1991) also in- 
dicated that Val, Ile, Leu, and Ala were found in the P i  
position adjacent to the scissile peptide bond in naturally-oc- 
curring protein substrates but with a considerably lower 
likelihood than Glu (and slightly less than Gln). Thus, our 
experimentally-derived findings of comparable k,, values for 
Ile, Val, Ala, and Gln in P i  in synthetic peptide substrates 
(Table I) are directly compatible with the theoretical con- 
siderations which appeared during the course of collection of 
our data. The fit of Ile, Val, and Ala undoubtedly reflects 
the generally hydrophobic nature of the Si region of the active 
site cleft of HIV PR (Figure 2). The extra polarity introduced 
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Table IV: Effect of Variations in the P5 and P,' Positions on 
Kinetic Parameters for the Hydrolysis by HIV-1 Proteinase of a 
Series of Peptides Containing -Am-aromatic*Pro- as the Scissile 
PeDtide Bond" 

Table 111: Effect of Variations in the P5 and P,' Positions on Kinetic 
Parameters for the Hydrolysis by HIV-1 Proteinase of a Series of 
Peptides Containing -Val-Tyr*Pro- as the Scissile Peptide Bond" 

kat (s-'1 
Lys Ala Arg Val Nle * Nph Glu Ala Nle NHz 

Lys Ala Arg Val Tyr * Pro Glu Ala Nle NHz 
Ala Arg Val Tyr * Pro Glu Ala Nle NHz 

Nle Ala Arg Val Tyr * Pro Glu Ala Nle NH2 

Lys Ala Arg Val Tyr * Pro Gln Ala Nle NHz 
Lys Ala Arg Val Tyr * Pro Ile Ala Nle NHz 
Lys Ala Arg Val Tyr * Pro Val Ala Nle NH2 
Lys Ala Arg Val Tyr * Pro Ala Ala Nle NH2 
Lys Ala Arg Val Tyr * Pro Am Ala Nle NH2 
Lys Ala Arg Val Tyr * Pro Thr Ala Nle NHz 

32 

0.5 
0.08 
1.4 

<O.oOol 
<O.oOol 
<O.oOol 
CO.oOo1 
<O.OoOl 
<O.OoOl 

" K,,, parameters for the -Tyr*Pro- containing peptides were esti- 
mated at pH 4.7 by the competitive substrate assay and/or FPLC 
analysis to lie in the range of 600-1250 MM. 

kcat (s-') 
Lys Ala Arg Val Nle * Nph Glu Ala Nle NHz 32 

Lys Ala Arg Asn Tyr * Pro Glu Ala Nle NHz 
Nle Ala Arg Asn Tyr * Pro Glu Ala Nle NHz 
Val Ala Arg Asn Tyr * Pro Glu Ala Nle NHz 

Lys Ala Arg Asn Tyr * Pro Gln Ala Nle NHz 
Lys Ala Arg Asn Tyr * Pro Asn Ala Nle NHz 
Lys Ala Arg Asn Tyr * Pro Ala Ala Nle NHz 
Lys Ala Arg Asn Tyr * Pro Val Ala Nle NHz 
Lys Ala Arg Asn Tyr * Pro Ile Ala Nle NHz 

Tyr Val Ser Gln Asn Phe * Pro Ile Val Gln Asn Arg 

-0.06 
1.7 

>1.7# 

<O.oOol 
<O.oOol 
<O.OoOl 
<O.oOol 
<0.01 

Ac Ser Gln Asn Tyr * Pro Ile Val 10 
8 

-2.5 Nle Ser Gln Asn Tyr * Pro Ile Val Nle NHzS 

by the OH goup of Thr must account for the 30-fold reduction 
observed in the cleavage of the Thr-containing peptide by 
comparison with that measured for the Val-containing analog 
(Table I). Indeed, Thr, Asp, and Asn were scored extremely 
low if at all in the statistical analysis of cleavage sites in 
proteins (Poorman et al., 1991). The present demonstration 
of the significance of the residue occupying P i  taken together 
with our earlier substantiation of the importance of the P2 
residue (Konvalinka et al., 1990; Phylip et al., 1990) em- 
phasizes the importance for efficient cleavage of interactions 
made by residues immediately flanking the amino acids 
contributing the scissile peptide bond. 

The significant role of the P2 and P i  residues was further 
substantiated by the data obtained with the series of peptides 
(Table 11) in which the &branched residue in P2 was replaced 
by A n .  All of the peptides containing this simple replacement 
were very poorly cleaved at the adjacent scissile bond between 
PI and PI'. Despite the generally low values for k,,,, once 
again, the presence of the Glu residue in P i  resulted in a k,, 
value that was significantly higher than all of the others ob- 
tained. For this class of substrate then, it would appear that 
the sequence -Val-hydrophobic*hydrophobic-Glu- presents the 
optimal juxtaposition of the target C=O of the scissile peptide 
bond with the catalytic Asp residues, ensuring successful 
cleavage. The extended active site cleft, present in most 
proteinases but particularly prominent in those of the aspartic 
class, has evolved to facilitate the correct positioning of the 
scissile peptide bond. How then does this account for the 
different types of cleavage site attacked readily by HIV PR? 

Since, as has been shown above, the presentation of the 
scissile peptide bond can be influenced by the residues which 
span from P2 through to Pi ,  this question was addressed by 
altering the sequence that was hydrolyzed optimally (Table 
I) to replace the -hydrophobic*hydrophobic- cleavage site in 
Pl*Pl' with one of the -aromatic*Pro- variety (Table 111). The 
resultant peptide, Lys-Ala-Arg-Val-Tyr*Pro-Glu-Ala-Nle- 
NH2 was cleaved more than 60-fold more slowly than its 
analog containing the -Nle*Nph- type cleavage site (Table 
111). In an initial attempt to evalute the significance of residues 
in peripheral subsites (see below), the N-terminal Lys was (i) 
deleted from the sequence or (ii) replaced with norleucine. The 
latter maintains the aliphatic backbone of the lysine side chain 
but lacks the positive charge of the t-amino group (Table 111). 
The deletion resulted in a further reduction in the (already 
low) k,, value whereas replacement with Nle produced a slight 
elevation. Thus, the presence of a residue with an aliphatic 
side chain in P5 enables a significant value of k,, (albeit still 
low at around 1 s-l) to be achieved for the peptides containing 
the -Val-Tyr*Pro- sequence described here. 

" K,,, parameters for the -aromatic*Pro- containing peptides were es- 
timated by the competitive substrate assay and/or FPLC analysis to be 
in the range of 450-1 150 fiM with one exception (#). In the case, the 
value, estimated at approximately 3 mM, lay outside the experimen- 
tally accessible range of substrate concentrations. The symbol $ indi- 
cates that severe product inhibition was encountered with this peptide. 

The importance of a Glu residue in P i  was further em- 
phasized by the data in Table 111. Replacement, even by Gln, 
Ile, Val, or Ala, resulted in peptides that were not cleaved even 
upon prolonged incubation (16 h) with high concentrations 
(20 times above normal assay level) of HIV PR. The poor 
rate of cleavage of the Ile- and Gln-containing derivatives is 
particularly noteworthy since these residues are found fre- 
quently in the P i  position at -aromatic*Pro- type cleavage 
junctions (Figure 1). 

These observations of very slow cleavage of -Val-Tyr*Pro- 
Pi- containing peptides are also in accord with the statistical 
evaluation of Poorman et al. (1991), as it may be observed 
from their protein substrate database than when Pro is present 
in PI', the P2 residue is never a branched residue such as Val. 
The structural rationale for this will be considered later. 

However, Figure 1 also indicates that -aromatic*Pro- 
junctions invariably contain not Val but an Asn residue in P2, 
suggesting that optimal presentation of -aromatic*Pro- 
cleavage sites may require a different set of interactions in the 
P2-Pi region. This was investigated by substituting Asn for 
Val in the P2 position (Table IV). Once more, however, the 
peptide Lys-Ala-Arg-Asn-Tyr*Pro-Glu-Ala-Nle-NH2 was 
cleaved very poorly. Substitution of the Glu in P i  by Gln, 
Ile, Val, Ala, or Asn resulted in even slower rates of cleavage 
(Table IV), emphasizing once more that, despite the poor 
absolute magnitude of the kc,, value, Glu is still the optimal 
residue in Pi.  Next, while retaining Glu in Pi,  the effect of 
replacement of the Lys residue in P5 with a straight chain 
aliphatic (Nle) or &branched (Val) side chain in this series 
was investigated (Table IV). In both cases, k,, values were 
considerably enhanced over that of the parent Lys-containing 
peptide. In this instance, therefore, not only is the presence 
of a residue in P5 necessary to achieve a (still only) modest 
value for the turnover number, but a positively-charged t- 
amino group at the end of the side chain (in Lys) would appear 
to be detrimental (compared to Nle and Val in P5). The ca. 
28-fold improvement seen in this case may be compared to 
the 2.8-fold difference between the Lys/Nle-Ala-Arg-Val- 
Tyr*Pro-Glu-Ala-Nle-NH2 pair of peptides containing a Val 
in P2 (Table 111). 

Thus, the results reported in Tables I-IV not only provide 
evidence for the critical role of both P2 and P2' substituents 
in controlling the rate of cleavage of the -P1 *P1'- scissile peptide 
bond by this symmetrical enzyme (Wlodawer et al., 1989) but 



Substrate Cleavage by HIV 1PR 

Table V: Kinetic Parameters for the Hydrolysis by HIV-1 
Proteinase of a Series of Peptides Containing the -Am-Tyr*Pro-Ile 
Central Motif 

Biochemistry, Vol. 31, No. 22, I992 5197 

K m  (PM) k t  (s-’) 
1 Lys Ala Arg Asn Tyr * Pro Ile Ala Nle NH2 780 <0.01 

2 Lys Ala Arg Asn Tyr Pro Ile Val Nle NH2 180 0.3 

2a Nle Ala Arg Asn Tyr * Pro Ile Val Nle NH2 420 0.13 

2b Val Ala Arg Asn Tyr * Pro Ile Val Nle NH2 1200 0.15 

3 Ala Arg Asn Tyr * Pro Ile Val Nle NHz 430 5 

4 Ala Gln Asn Tyr * Pro Ile Val Nle NH2 650 12 

5 Lys Ala Gln Asn Tyr * Pro Ile Val Nle NH2 400 0.5 

6 Lys Ala Gln Asn Tyr * Pro Ile Ala Nle NH2 150 0.1 

7 Lys Arg Gln Asn Tyr * Pro Ile Ala Nle N H 2  190 0.3 

8 Ala Ser Gln Asn Tyr * Pro Ile Val Nle NH2 50 9 

9 Ala Ser Gln Asn Tyr * Pro Ile Val NH2 240 7 

also suggest that the presence/identity of the residue in a 
remote subsite (P,) may have an interconnected effect to the 
nature of the residues spanning Pz-Pi of the substrate. The 
latter stands in contrast to the statistical analysis of Poorman 
et al. (1991) which revealed no such correlation between 
subsites. The absolute magnitudes measured for the turnover 
numbers of the -aromatic*Pro- containing peptides (for ex- 
ample, k,, = <0.01 s-l for Lys-Ala-Arg-Asn-Tyr*Pro-Ile- 
Ala-Nle-NH2; Table IV) are nonetheless sluggish and much 
slower than that for Ac-Ser-Gln-Asn-Tyr*Pro-Ile-Val (10 s-l; 
Table IV), the latter peptide mimicking an authentic 
-aromatic*Pro- junction (junction A in Figure 1). This 
> 1 000-fold difference in k,, is especially remarkable when 
it is considered that the four central residues in both of these 
peptides, namely, -Am-Tyr*Pro-Ile-, are identical. Indeed, 
two further -Am-aromatic*Pro-Ile- containing peptides, 
Nle-Ser-Gln-Asn-Tyr*Pro-Ile-Val-Nle-NH2 and Tyr-Val- 
Ser-Gln-Asn-Phe*Pro-Ile-Val-Gln- Asn- Arg, also generated 
respectable k,, values of 2.5 and 8 s-l respectively (Table IV). 
The importance of a @-branched (Ile) residue in P i  in -Am- 
Tyr*Pro-Ile containing substrates for the maintenance of k,, 
has been reported previously (Margolin et al., 1990). From 
these observations, it is clear that the residues outside this 
central P2Asn-P1Tyr*P1’Pro-PiIle- sequence must also play 
a major role in adjusting the fit of the scissile bond and, hence, 
the efficiency of catalytic cleavage (Tomasselli et al., 1991a; 
TozsBr et al., 1991b). 

To examine this, a further series of peptides was synthesized 
(Table V) in which the optimal -Am-Tyr*Pro-Ile- central 
motif was retained, with systematic replacement of the residues 
in the more peripheral positions. Substitution of Ala by Val 
in P i  at the C-terminal end of the peptide enhanced k,, 
(compare values for peptides 1 and 2, 6 and 5 in Table V), 
but, in absolute terms, the values measured were still poor. 
In addition, truncation of the peptide to delete the (Nle) 
residue in P i  (compare peptides 8 and 9, Table V) had little 
effect on k,, but did alter the apparent K ,  value by about 
5-fold. We and others have shown previously (Konvalinka et 
al., 1990; Tomasselli et al., 1991a; Poorman et al., 1991; Pettit 
et al., 1991) that the nature of the residue occupying P3 is of 
little significance. Indeed, interchange between Arg and Gln 
did not substantially alter kinetic parameters (compare pep- 
tides 3 and 4, Table V). While the present work was in 
progress, a separate report by Tozdr et al. (1991a) provided 
evidence that the nature of the residue in P4 is of considerable 
importance with a preference for amino acids with a high 

propensity to form &turns. Interchange of Ser and Ala in this 
P4 position resulted in a 2-fold alteration in turnover number 
(TbzsBr et al., 1991a). Thus, the minimal effect on k,, of 
replacement of Ala by Ser in our peptides (compare peptides 
4 and 8, Table V) is entirely in keeping with these observations. 
Indeed, the k,,, values measured for peptides 3, 4, 8, and 9 
in our series (Table V) are directly comparable to those re- 
ported by Tbzsir et al. (1991a). Dramatically, however, the 
substitution of residues that resulted in the sequence of peptide 
8 (Table V) produced a substrate with a much lower K,  value 
and thus a k,,,/K, ratio of 0.18 X lo6 s-l M-l, higher than 
the values for the other peptides in our series (Table V) and 
between 3- and 5-fold improved on the best of the substrates 
described by TozsBr et al. (1 99 1 a). 

In our series of peptides (Table V), the presence/nature of 
the residue in the peripheral P, position was the major influ- 
ence by far. Those peptides with a branched/straight aliphatic 
side chain without (Val/Nle) and with (Lys) an €-amino group 
all generated k,, values of < O S  s-l (peptides 1, 2, 2a, 2b, 5,  
6 ,  and 7, Table V). In stark contrast, the four which either 
do not have a P, residue (peptides 3 and 4) or have the very 
short (methyl) side chain of Ala (peptides 8 and 9, Table V) 
were all cleaved very efficiently with k,,, values (between 5 
and 12 s-I) comparable to those measured for the authentic 
site A peptide analogs (see above and Table IV). Although 
peptides of this size are unlikely to adopt a single conforma- 
tional state (Dyson & Wright, 1991), the Tyr*Pro peptide 
bond can eixst as cis and trans conformers. If only one isomer 
was able to undergo productive binding to the enzyme to 
permit hydrolytic attack, then an alteration in the cis/trans 
ratio resulting from the introduction of a (larger) residue in 
P, might produce a diminution in k,,,. In order to examine 
this possibility, advantage was taken of the demonstration by 
Toma et al. (1978) that splitting of the proton resonances 
generated by the amino acid adjacent to a proline residue gives 
a reliable indication of the conformational equilibrium about 
the Pro peptide bond. Analysis of the Tyr aromatic protons 
in peptides 7 and 8 (from Table V) provided equivalent es- 
timates of 70% trans/30% cis (f2-6%) for the Pro peptide 
bond conformation in each peptide. Since there is not much 
energetic difference between the cis and trans forms (based 
on this ratio) and since peptides 7 and 8 have identical con- 
formational equilibria yet differ in their susceptibility to 
cleavage (k,,) by a factor of 30, it would seem unlikely that 
this is due to an isomerization of this type of the Tyr*Pro 
containing substrate as a result of the presence of a larger 
residue (such as the Lys in peptide 7) in P5. 

Inhibitors and, probably, substrates (Gustchina & Weber, 
1990; TozsBr et al., 1991a) adopt an extended conformation 
in the active site of HIV PR. Therefore, the positioning of 
appropriate residues at P5 and P4 can make contacts on the 
periphery of the active site cleft which have a significant 
influence on catalytic efficiency. Such peripheral contacts that 
are “wrongly made” may be relayed into the centerpiece of 
the active site complex with detrimental consequences. For 
example, whereas the  peptides of the  
-hydrophobic*hydrophobic- type as exemplified by the 
Nle*Nph variety were cleaved very rapidly (Table I) with a 
Lys residue at P5, the presence of this residue caused a major 
diminution in the efficiency of cleavage of an -Am- 
aromatic*Pro- type of substrate (compare peptides 2 and 3, 
Table V) with an otherwise closely similar sequence. Thus, 
the two types of cleavage junction have different requirements 
for optimal alignment in the active site cleft and effective 
cleavage by HIV-1 PR. The geometry around the 
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FIGURE 3: Stereo plot illustrating the environment surrounding a -Tyr*Pro- scissile peptide bond in a substrate bound at the active site of 
HIV proteinase. The structure of a model of an -1le-Tyr’Pro- containing peptide has been superimposed upon the crystallographically-determined 
structure of an inhibitor (Miller et al., 1989) which has the sequence, -Asn-Nleq[CH2-NH]Nle-, in the region shown. The atoms that would 
be in potential van der Waals contact in the -Ile(or Va1)-Tyr*Pr+ structure, two methylenes from Pro and one methyl from Ile/Val, are indicated 
by the filled spheres. 

-hydrophobic*hydrophobio scissile peptide bond cannot be the 
same as that of -aromatic*Pro- bonds, particularly with the 
unique influence of the imido nitrogen of a Pro residue. In 
an attempt to explain the interactions which such substrates 
would generate, a model was constructed (Figure 3) for an 
-aromatic*Pro- containing peptide on the basis of the coor- 
dinates of the structures solved for HIV-1 PR complexed with 
nine inhibitors (Wlodawer et al., 1992), including Ac-Ser- 
Leu-Asn-Phe9 [CH(OH)CHz-NHIPro-Ile-Val-OMe (Swain 
et al., 1990), the only compound described structurally thus 
far with proline in the PI’ position. 

From this model, it is clear that the y and 6 methylene 
groups of the proline ring in P1’ occupy space that would not 
have been filled if the P1’ residue was any other amino acid 
(Figure 3). Thus, with proline positioned in PI’, if a 8- 
branched side chain were present in the Pz residue of a sub- 
strate or inhibitor, the fork would make unacceptably close 
contacts with the ring of the Pro (Figure 3). The failure of 
HIV- 1 PR to cleave -Val-Tyr*Pro- containing peptides (Table 
111) is perhaps then not surprising, and an explanation of why 
Val/Ile have never been observed in the P2 position adjacent 
to -aromatic*Pro- type junctions in viral polyproteins is readily 
apparent. 

The methylene groups within the proline ring may also be 
involved in interactions with Ile5,,’ at the tip of the loop in the 
polypeptide strand (called the “flap” and consisting of residues 
45-55) contributed by one of the subunits in the dimeric 
proteinase. In addition, Ile54 from the second subunit and the 
mobile loop containing ProT9 and Prosl may reinforce this 
hydrophobic interaction within the complex (Figure 3). A 
more extensive asymmetry is thus introduced into the active 
site by the presence of Pro in P1’ than has hitherto been ob- 
served for any other bound ligand (Miller et al., 1989). The 
net result is a bound structure that differs in subtle but sig- 
nificant interactions from complexes of the 
-hydrophobic*hydrophobic- type. Thus, hydrophobic inter- 
actions between the flexible elements of the protein and the 
unique structure of a proline, when present in the P1’ position 
of a substrate, may provide a stronger influence on the 
structure/conformation around the scissile peptide bond. 

Insight into the general pattern of ligand binding in the 
active site of HIV-1 PR has emerged from studies of the 
complexes between PR and inhibitors of different chemistries 
(Fitzgerald & Springer, 1991; Wlodawer et al., 1992; Swain 

et al., 1991). An energetically significant network of hydrogen 
bonds stretches over 15-20 %L of the surface of the active site. 
This network is created by the interaction of every C I O  and 
-NH- of peptide bonds in the bound ligand with appropriate 
functional groups of the enzyme (Gustchina & Weber, 1990). 
Indeed, the pattern that has been observed in all complexes 
of HIV PR with ligands of a peptidic nature so far examined 
is very consistent, and the interactions might be subdivided 
into two types: (i) those arising from the “rigid” areas of the 
enzyme, mainly involving the stable core of the protein or (ii) 
those from the “flexible” areas which include the two mobile 
“flaps” and other outer polypeptide loops. In both classes, there 
are hydrogen bonds that provide interactions that are im- 
portant in determining the level of catalytic efficiency of the 
enzyme. However, significant differences between them are 
to be expected. In class i interactions, the conformational 
changes which might be caused by alterations of the residues 
of the substrate at peripheral positions should be localized, 
since the rigidity of the protein structure prevents substantial 
movement of those regions of the enzyme. In class ii, however, 
alterations of residues, even in such peripheral substrate 
positions as P5 and P3, could induce conformational changes 
throughout the flexible “flaps”, including the tips of the “flaps” 
which are involved in interactions around the scissile bond of 
the substrate, thus potentially influencing the level of k,, 
significantly. 

The side chain of the P3 residue of a bound ligand is pos- 
itioned snugly between Phes3 of one of the mobile “flaps” and 
Prosl’ of an outer loop from the second subunit (Figure 4). 
With ligand bound as an extended ,&strand (Gustchina & 
Weber, 1991), the side chain of the P5 residue would then be 
positioned on the same side of the cleft as that of P3. Extended 
inhibitors show a tendency to “curl up” at their extremity away 
from the body of the enzyme due to the twist inherent in an 
extended strand (Wlodawer et al., 1992). This could result 
in strong interaction with the outer structure of the “flap” 
regions, in effect “returning the passionate embrace” provided 
by the closing of the two “flaps” of the enzyme down around 
the ligand positioned in the active site. Modeling suggests that 
favorable hydrophobic interactions could be generated by an 
appropriate P5 residue if the side chain were positioned between 
the side chains of residues Phes3 and Met46 on the “flap”. In 
the case of a Lys in P5, the four methylene groups of the side 
chain can make acceptable hydrophobic contacts while the 
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FIGURE 4: Stereo plot of the region surrounding the P5-Pl’ portion of a -Tyr*Pro- containing substrate built by modeling into the active site 
of HIV PR. This view illustrates the position of the P3 Arg side chain between residues Phes3 and Proal’ of the enzyme, as well as a possible 
interaction between a P5 Lys side chain and enzyme residues Phe5, and Met4. The packing of Ile5d around the PI’ Pro as well as the further 
interaction of Iles4 with Ile5,,’ and the proximity of the loops including Proal may also be noted in this view. 

Table VI: Effect of Ps Substitution on k,, Values Measured for 
Three Groups of Cleavage Site Sequences 

kcat (s-’) 
0.08 
0.5 
1.4 

-0.06 
1.7 

>1.7 

5 
0.3 
0.13 
0.15 

Ala Arg Val Tyr * Pro Glu Ala Nle NH2 
Lys Ala Arg Val Tyr Pro Glu Ala Nle NH2 
Nle Ala A r g  Val Tyr * Pro Glu Ala Nle NH2 

Lys Ala Arg Asn Tyr * Pro Glu Ala Nle NH2 
Nle Ala A r g  Asn Tyr * Pro Glu Ala Nle NH2 
Val Ala A r g  Asn Tyr Pro Glu Ala Nle NH2 

Ala Arg Asn Tyr * Pro ne Val Nle NH2 
Lys Ala Arg Asn Tyr * Pro Ile Val Nle NH2 
Nle Ala Arg Asn Tyr * Pro Ile Val Nle NH2 
Val Ala Are Asn Tvr * Pro Ile Val Nle NH? 

charged t-amino group is directed into bulk solvent (Figure 
4). Such interactions with the ‘flap” may be relayed, because 
of the intrinsic mobility of this region and because of the 
interdigitation of the two mobile “flaps” and loops around the 
Pro in PI’, in such a way as to perturb the hydrogen bonding 
interactions around the scissile peptide bond and the precise 
alignment that is necessary for effective cleavage at the 
-Tyr*Pro- type cleavage junction. 

The opportunity to form such alternative potential inter- 
actions on the periphery of the active site arises from having 
an enzyme with sufficient built-in flexibility to reposition “flap” 
and loop features. The subtleties of these available options 
are emphasized by collation (in Table VI) of the data obtained 
for some of the peptides described earlier in Tables III-V. In 
the first subset, the -Tyr*Pro- cleavage site is flanked by Val 
in P2 with the Glu in P i  that was demonstrated (Table I) to 
be optimal for cleavage at -hydrophobic*hydrophobic- junc- 
tions. In the case of the -aromatic*Pro- junction, the intro- 
duction of a residue (either Lys or Nle) in Ps resulted in a 
substantial improvement in kap When the central motif was 
adjusted to position an Asn in P2 while retaining the Glu in 
P2’, in the resultant set of peptides a Lys in P5 was not ben- 
eficial while the aliphatic side chains of Nle or Val facilitated 
cleavage by some 30-fold. In this instance, the positioning of 
the positive charge on the e-amino group of the lysine residue 
would appear to be counterproductive to the potentially ben- 
eficial contacts that can be made by the methylene groups in 

the otherwise equivalent side chains of Nle and Lys. In the 
final subset (Table VI) where the central four residues are 
-Am-Tyr*Prde, little difference was detected with variation 
of the Ps residue by comparison with the major influences 
observed when no residue was present in P,. This result is 
highly significant since junction A (Figure 1) in the viral 
polyprotein has the sequence Val-Ser-Gln-Asn-Tyr*PrdleVal 
(Val in P5 and Ile in Pi). Thus, although six of the nine 
residues in Val-Ala-Arg-Asn-Tyr*Pro-Ile-Val-Nle-NH2 are 
identical to those in the polyprotein junction with five of those 
located between P2 and P3’ around the (potentially) scissile 
peptide bond, the measured k,, value still falls into the low 
range. In this case, then, residues in P4, P3, or P4/ might be 
concluded to exert a negative influence on the positioning of 
the scissile peptide bond. 

The above comparisons underscore the conclusion that, while 
the proteinase possesses the ability to adapt to a variety of 
cleavage site sequences, the entire active site cleft must be 
involved in interaction with the ligand. It is our contention 
that the selectivity evidenced by this retroviral enzyme is the 
inevitable consequence of an extensive network of interactions 
not only within the seven subsites (from S4 to S,’) known to 
be important for HIV PR (Darke et al., 1989; Moore et al., 
1989; TozsQr et al., 1991a), as well as for the archetypal 
aspartic proteinase (Dunn et al., 1986), but extending outside 
this region as well. Furthermore, we must conclude that this 
interactive network is correlated such that a sequence dif- 
ference at any point in the substrate can lead to changes in 
hydrogen bonding interactions that can in turn cause signif- 
icant alterations in catalytic cleavage efficiency. Such multiple, 
interacting determinants for substrate recognition culminate 
in different requirements for the optimal sequence flanking 
the two types of cleavage junction. These conclusions have 
implications for the design of inhibitors directed against re- 
troviral enzymes such as HIV-1 PR. Current strategies of 
design are focused on producing the smallest possible structure 
that retains high affinity for the active site cleft of the target 
enzyme without affecting comparable aspartic proteinases of 
the human host and, yet, will possess some metabolic stability 
in vivo. However, such compounds, targeted at subsites S3 



5200 Biochemistry, Vol. 31, No. 22, 1992 

to S i  at most, are not likely to take advantage of the “extra” 
specificity derived from interactions of an extended peptide 
with the “flap” regions. This specificity may have evolved to 
provide stronger interactions with the extended sequence 
present in the polyprotein substrate with which the enzyme 
is designed to interact. Accessing this “Achilles heel” of the 
retroviral proteinases while maintaining bioavailability of the 
drug remains a major challenge for targeted drug design of 
the future. 
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